###### Strengths and limitations of this study

-   To our knowledge, this trial is the first prospective randomised controlled clinical trial comparing 'empirical' combined revascularisation surgery with 'precise' combined revascularisation surgery to evaluate the role of 'precise' combined revascularisation surgery in the treatment of moyamoya disease (MMD).

-   The blinding with outcome assessors who are not involved in patient management helps to minimise bias associated with outcome evaluation.

-   Implementing digital subtraction angiography and MRI (including diffusion weighted imaging and arterial spin labelling) followed by a radiological diagnosis prior to enrolment in all adult patients with MMD.

-   Single centre original study with thorough recording of data on all evaluated patients may not exclude all the selection bias.

Background {#s1}
==========

Moyamoya disease (MMD) is an uncommon cerebrovascular disorder characterised by progressive occlusion of the internal carotid artery (ICA) terminus and its main branches, leading to compromised cerebral perfusion and recurrent ischaemic strokes.[@R1] Epidemiological features of MMD have been reported in various regions during the past three decades. The observations have shown regional[@R1] and ethnic differences[@R4] in incidence, prevalence and patient characteristics. MMD is estimated to have a prevalence of 1.61--3.92 per 100 000 in China.[@R6] Clinical features of MMD differ substantially between children and adults. The main clinical manifestation of MMD is transient ischaemic attack (TIA) or cerebral infarction in children, whereas about half of adult patients develop intracranial haemorrhage, and half develop TIA or cerebral infarction, or both.[@R8]

Ample evidences show that there are no effective medical therapies for MMD, revascularisation surgery has played an important role in treatment of MMD.[@R1] Several general methods of revascularisation had been used: direct, indirect and combined techniques. Three large long-term follow-up studies showed a good safety profile for surgical treatment. Patients with MMD have a higher risk of neurological events during perioperative period and these treatment-related complications include stroke, infection and intracranial haemorrhage. During the postoperative 30 days, the postoperative complications occurrence ranged from 4.7\~32.7%, and after the first month the risk decrease fairly.[@R10] It is reported that the recurrent stroke events were observed in 5.5\~8.2% of patients during the follow-up period.[@R11] Moreover, patients with postoperative complications had worse neurological status at discharge.[@R15]

Many focuses located on the risk of subsequent stroke or haemorrhage even with surgical revascularisation and regular medical therapy in MMD patients. A retrospective, single-centre, cohort study showed most subsequent ischaemic events appeared in the first 2 years after surgery. The Kaplan-Meier estimated stroke risk was 10.1% and 12.7% in the first 2 years and 5 years after surgery for all patients treated with surgical revascularisation, approximated 10.1% incidence of mortality or TIA or stroke at 1 year after surgery in 802 patients with the MMD.[@R16] Incidence of rebleeding range from 12.5\~20% of patients with onset haemorrhage symptom who underwent revascularisation surgery, while with the conservative treatment the rebleeding was estimated occurrence of 6.8%--65%.[@R17]

To our best knowledge, there are no reports concerning the criteria for recipient artery selection in bypass surgery for MMD. In clinical practice, superficial temporal artery to middle cerebral artery (STA--MCA) anastomosis was the most preferred technique,[@R22] sometimes, anastomoses of STA to the branch of the anterior cerebral artery (ACA) might also be adopted when ACA territory showed significantly compromised perfusion.[@R23] There may be less variability in the size and site of craniotomy, which causes less variability in the area of revascularisation. Due to the imprecise revascularisation area, some patients might still suffer from TIA after revascularisation surgery.[@R11] Moreover, there may be multiple alternative recipient arteries within the centre of the craniotomy. Different selection of recipient arteries may lead to discrepancies in the patient outcome. However, how to precisely choosing the detail segment of MCA or ACA as recipient artery remains uncertain.

Arterial spin labelling (ASL) offers a noninvasive method for quantifying cerebral blood flow (CBF) by using magnetically labelled arterial blood water as an endogenous tracer and has been increasingly applied to imaging studies on neurological and psychiatric diseases.[@R25] Small case series have reported that ASL is a valuable tool for evaluating haemodynamic changes after MMD.[@R28] Ample evidences also suggest that ASL has good agreement with other measures of cerebral perfusion assessment.[@R29] Some reports mentioned that intraoperative indocyanine green (ICG) video angiography combined with haemodynamic parameter analysis obtained by Flow 800 software is useful for intraoperative monitoring of regional CBF in cerebrovascular disease.[@R32] It can provide detailed images for vascular architecture, flow direction and blood flow transit, which provides real-time cerebral flow velocity and superficial perfusion of local brain.[@R35] These techniques could potentially influence the evaluations of surgery. Moreover, standard tasks and a definitive analysis of ASL data are required to be achieved before drawing a definitive conclusion. Therefore, this prospective, exploratory, randomised controlled trial will identify the safety and efficacy of multimodal neuronavigation-guided precise direct bypass microsurgery of MMD.

Study objective {#s2}
===============

The key purpose of this study is to determine whether multimodal neuronavigation-guided direct bypass surgery is superior to empirical direct bypass procedure for preventing the postoperative strokes or other bad outcomes in patients with MMD. We will assess the safety and efficacy of multimodal neuronavigation-guided precise direct bypass surgery.

Methods and analysis {#s3}
====================

Study designs {#s3a}
-------------

This will be an investigator-initiated and prospective, exploratory, randomised controlled trial. Eligible patients with ischaemic MMD undergoing surgery will be randomised to the empirical direct bypass procedure group and the multimodal neuronavigation-guided precise direct bypass surgery group in a 1:1 ratio. The study protocol was performed at Peking University International Hospital. All patients with MMD will be treated by the same operator (RW). A diagram of the protocol is presented in [figure 1](#F1){ref-type="fig"}.

![Diagram of the study protocol. CTP, perfusion CT; DSA, digital subtraction angiography; mBS, modified Barthel Scale; MMD, moyamoya disease; mRS, modified Rankin Scale; NIHSS, National Institute of Health Stroke Scale.](bmjopen-2018-025566f01){#F1}

Study participants {#s3b}
------------------

All patients who meet the clinical criteria will undergo MRI, perfusion CT (CTP) and digital subtraction angiography (DSA). Patient baseline characteristics (age of randomisation, sex and neurological function) and MMD characteristics (Suzuki stage, moyamoya vessels, posterior cerebral artery involvement and collateral pathways) will be provided. Treatment decision is made based on previous reports.[@R36] Surgical treatment is preferably considered for patients who have a history of infarctions or TIA. Treatment modalities for MMD and randomised methods will be informed to the patient and family. Eligible patients will be included before the written informed consent is obtained. These patients can withdraw from the study at any time.

Inclusion criteria {#s3c}
------------------

-   Ages eligible for study ranges from 18 years to 60 years (adult)

-   Independent in activity of daily living (the modified Rankin Scale (mRS) 0--2)

-   At least 1 month since the most recent ischaemic stroke

-   The neurological deficit must be stable for more than 6 weeks

-   DSA demonstrating progressive stenosis or occlusion in the terminal portion of the ICA and/or the initial portion of the anterior or middle cerebral arteries

-   DSA demonstrating formation of abnormal collateral networks (moyamoya vessels) at the base of the brain, mainly in the region of thalamus and basal ganglia

-   DSA demonstrating the vasculopathy appeared unilaterally or bilaterally

-   Competent to give informed consent

-   Accessible and reliable for follow-up

Exclusion criteria {#s3d}
------------------

-   Other diseases (such as ICA  stenosis, ICA dissection, atrial fibrillation or intracranial atherosclerosis) probably causing ischaemic strokes.

-   Not independent in activity of daily living (the mRS 3--5).

-   Moyamoya syndrome concomitant with other hereditary or autoimmune diseases (Grave's disease, type I diabetes mellitus, type I neurofibromatosis and so on).

-   Patient whose initial onset was marked by ischaemia but subsequently suffered from intracranial haemorrhage.

-   Emergent evacuation of intracerebral haematoma damaging superficial temporal artery or cortical artery.

-   Prior revascularisation surgery for MMD.

-   Good collateral networks formed by spontaneous anastomosis between extracranial and intracranial vessels before surgery

-   Life expectancy \<1 year.

-   Pregnancy and breast feeding.

-   Unstable angina or myocardial infarction with recent 6 months.

-   Blood coagulation dysfunction.

-   Allergic to iodine contrast agent.

-   Abnormal liver function (alanine transaminase and/or aspartate aminotransferase \>3 times of normal range).

-   Serum creatinine \>3 mg/dL.

-   Poorly controlled hypertension (systolic blood pressure (BP) \>160 mm Hg, diastolic BP \>100 mm Hg).

-   Poor glucose control (fasting blood glucose \>16.7 mmol/L).

-   Concurrent participation in any other interventional clinical trial.

-   Patients refused to participate in the study.

Randomisation and blinding {#s3e}
--------------------------

Eligible patients will be randomised to the empirical direct bypass procedure group and the multimodal neuronavigation-guided precise direct bypass surgery group in a 1:1 ratio. Stratified block randomisation and minimisation methods are employed. Stratification factors include mRS and the Suzuki stage. It is impossible to blind the participants and surgeons, and only the outcome assessors who are not involved in patient management are blinded. The allocation sequence will be generated by an independent third party of the China National Clinical Research Center for Neurological Diseases, and patients treated with multimodal neuronavigation-guided precise direct bypass surgery will be assigned by the third party. To prevent bias, the patient randomisation process will be performed by the third party.

Empirical direct bypass surgery group {#s3f}
-------------------------------------

Patients in the empirical direct bypass surgery group will receive cerebral angiography, perfusion CT and MRI (including ASL and diffusion weighted imaging sequences) before surgical treatment. The craniotomy side will be selected based on symptomatic and haemodynamically affected hemisphere. The craniotomy will be performed within the cerebrovascular team. Empirical direct bypass surgery includes dissection of the superficial temporal artery from the adjacent tissue, temporary clipping of the recipient artery and anastomosed the superficial temporal artery to the recipient artery.[@R22] Any techniques for motor evoked potential and somatosensory evoked potential can be used for intraoperative monitoring. Intraoperative indocyanine green videoangiography (ICG-VA) can also be used to determine the patency of the bypass vessel as needed.

Multimodal neuronavigation-guided precise direct bypass surgery group {#s3g}
---------------------------------------------------------------------

Patients randomised to the multimodal neuronavigation-guided precise direct bypass surgery group will receive cerebral angiography, perfusion CT and MRI before surgery. Arterial spin labelling (ASL), diffusion weighted imaging (DWI) and structure sequence (T2 FLAIR) will be performed.[@R37] ASL and DWI are automatically fused with structure sequence (T2 FLAIR) images. The data of CBF will be imported to the neuronavigation system (Medtronic, Inc) preoperatively.

Surgeons can select craniotomy side precisely based on where cerebral ischaemia (misery perfusion) exist. With the brain cortex exposed after craniotomy, an initial ICG-VA will be performed and ICG images were analysed with FLOW 800 software (ZEISS, Germany). From the colour maps of FLOW 800 surgeons assessed the microvascular transit time (MVTT) of the different candidates for recipient artery and chose the artery with the highest MVTT as our first candidate. The treatment planning station will be situated based on the multimodal neuronavigation data. The ASL and structure sequence data sets were applied to the neuronavigation system (Stealth Station; Medtronic, Minneapolis, Minnesota, USA) and the fusion process was carried out with these images. The perfusion of candidates for recipient artery for the surgery can be evaluated in these consecutive fusion images. From them, surgeons select the artery with the highest MVTT (lowest velocity) that was located on or near the cortex where perfusion was markedly decreased as the target. Then a direct bypass procedure will be performed just like in the empirical direct bypass surgery group.

The multimodal-guided precise direct bypass surgery will be discontinued if there is a medical necessity or at the request of the participant. This could occur if the participant withdraws from the study at any time and for any reason. Investigators will collect data in detail at the time of study randomisation. Adherence to treatment allocation will be monitored in the monthly reports, which originate from the data monitoring centre (China National Clinical Research Center for Neurological Diseases). All surgical techniques and equipment will be provided as needed in both treatment groups. Any concomitant medication in the context of the study is permitted.

Outcome measures {#s3h}
----------------

The primary outcome is the occurrence rate of strokes or death and ipsilateral intracranial haemorrhage of any kind within 30 days postsurgery. Other outcomes are the postoperative haemodynamic changes, postoperative complications, neurological function and retreatment. haemodynamic changes include changes in moyamoya vessels,perfusion area of the feeding artery according to the postoperative cerebral angiography and CBF assessed by postoperative CTP and ASL. Surgical complications include infarctions on the contralateral side, TIA and all kinds of adverse events related to surgery. Patient baseline neurological function and outcomes at pretreatment, post-treatment, at discharge and at 3 month, 6 month and 12 month follow-ups are measured using the mRS, National Institute of Health Stroke Scale (NIHSS) and the modified Barthel Scale. A schematic diagram is showed in [figure 1](#F1){ref-type="fig"}. A mRS of 0--2 is identified as a favourable outcome, and a score of 3--6 as an unfavourable outcome. A NIHSS of 0--14 is identified as a favourable outcome, and a score of 15--42 as an unfavourable outcome. A modified Barthel Scale of 61--99 identified as a favourable outcome, and score of 0--60 as an unfavourable outcome.

Sample size {#s3i}
-----------

Because this trial is a prospective, exploratory, randomised controlled trial, there is no previous data for multimodal neuronavigation-guided precise bypass procedure, the sample size for this trial can't be calculated from the formula. Finally, 100 patients are randomised (1:1) to two groups, 50 of them will undergo direct bypass guided by multimodal neuronavigation, while others will undergo empirical direct bypass procedure.

Statistical analysis {#s3j}
--------------------

All analyses will be based on the intent-to-treat principle using the full analysis set. Data are given as the mean and SD for continuous variables or frequency for categorical variables. Significances in clinical variables and outcomes between two groups are analysed using the t-test, χ2 test, Fisher's exact test or the Mann-Whitney U test. Associations of variables will be identified using a univariate and multivariate analysis. Statistical analysis will be performed at the China National Clinical Research Center for Neurological Diseases.

Data management {#s3k}
---------------

Data are prospectively collected using an electronic case report form through a study website using a login and password. Neurological conditions and complications related to surgical procedure will be carefully monitored during the whole period of follow-up. These data safety will be monitored at the China National Clinical Research Center for Neurological Diseases during the clinical trial. A third party will review the progress of this study (eg, enrolment, site performance, meeting risk factor targets) as well as data on the safety of both treatment arms (eg, complications of multimodal neuronavigation-guided precise bypass surgery) to ensure that the study meets the highest standards of ethics and patient safety approximately every 3 months. Any serious adverse events will be reported to the Institutional Review Board of Peking University International Hospital. Recommendations for a review of risk and benefit will be forwarded to the principal investigators. The Institutional Review Board of the hospital shall obtain these interim results and make the final decision to terminate the trial.

Duration of the study {#s3l}
---------------------

This study will enrol eligible 100 patients with MMD treated with cerebral revascularisation surgery in Peking University International Hospital. Study recruitment commenced in August 2018. The final patient recruitment will end in August 2020.

Patient and public involvement {#s3m}
------------------------------

The development of the research question and outcome measures were based on the patient-centred outcome of future patients gaining major benefit from the revascularisation surgery. Patients and the public were not directly involved in the design, recruitment or conduct of this pilot study. And the burden of the intervention was not assessed by patients themselves. The results of this study will be disseminated in peer-reviewed journals and at academic conferences. A summary of the study report will be written for patients through WeChat (a free messaging and calling application) account or group.

Ethics and dissemination {#s4}
========================

The Original Protocol for this prospective, exploratory, randomised controlled trial was registered in May 2018. The study protocol was performed at Peking University International Hospital and all the surgery will be performed by the same neurosurgeon to reduce surgery bias and multimodal neuronavigation bias. All patients will undergo MRI examinations during perioperative period. Therefore, patients with implanted medical devices will be excluded. And other unexpected risks of MRI examination will be monitored. A minor amount of brain shift exists in neuronavigation,[@R40] but it does not influence the surgical procedure. This study adheres to good clinical practice and ethical principles described in the Declaration of Helsinki and 'Human Biomedical Research Ethical Issues and Policy Guidance'. Each eligible patient who wishes to participate in this study will be invited to give written informed consent. Professor Yuanli Zhao, Rong Wang and Xiaolin Chen are the principal investigators. Data interpretation and dissemination of study results will be managed under their direct supervision. The result will be disseminated in December 2020. The results of this study will be published in open-access and peer-reviewed journals and presented at relevant conferences.

Discussion {#s5}
==========

Increasingly, through the provision of collateral pathway, surgical revascularisation is gaining acceptance as the most successful therapy to improve cerebral haemodynamics, and to reduce the risk of subsequent stroke for MMD.[@R41] Direct bypass is useful to improve cerebral haemodynamics and to resolve ischaemic attacks immediately after surgery.[@R24] However, careful management of patients is needed after direct bypass surgery because postoperative pronounced changes in cerebral haemodynamics might be more likely to induce neurological deficits, especially in patients with preoperative profound ischaemia.[@R42] Currently, few report about recipient artery selection criterion for MMD bypass surgery. Neurosurgeons usually choose the recipient artery with their own experience. Their criteria are various and the effects of different recipient artery selection criterions remain uncertain. As the imaging advanced, ASL can be used as a perfusion method to detect the ischaemia area and intraoperative ICG angiography using FLOW800 software can be used to reflect the lower flow velocity and superficial perfusion. Combine two imaging data into the navigational system, which can help guide the precision direct bypass surgery of MMD. As the first prospective, exploratory, randomised controlled trial mainly focused on outcomes of MMD. We want to confirm that multimodal neuronavigation can safely be used for the precision direct bypass surgery of MMD, and multimodal neuronavigation-guided precision direct bypass microsurgery could improve the overall outcomes in patients with MMD.
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